Abstract. This study aimed to determine whether a reduction in radiation dose was found for percutaneous coronary interventional (PCI) patients using a cardiac interventional x-ray system with state-of-the-art image enhancement and x-ray optimization, compared to the current generation x-ray system, and to determine the corresponding impact on clinical image quality. Patient procedure dose area product (DAP) and fluoroscopy duration of 131 PCI patient cases from each x-ray system were compared using a Wilcoxon test on median values. Significant reductions in patient dose (p ≪ 0.001) were found for the new system with no significant change in fluoroscopy duration (p ¼ 0.2); procedure DAP reduced by 64%, fluoroscopy DAP by 51%, and "cine" acquisition DAP by 76%. The image quality of 15 patient angiograms from each x-ray system (30 total) was scored by 75 clinical professionals on a continuous scale for the ability to determine the presence and severity of stenotic lesions; image quality scores were analyzed using a two-sample t -test. Image quality was reduced by 9% (p ≪ 0.01) for the new x-ray system. This demonstrates a substantial reduction in patient dose, from acquisition more than fluoroscopy imaging, with slightly reduced image quality, for the new x-ray system compared to the current generation system.
Introduction
X-ray imaging systems that provide images in real-time are essential for the diagnosis and treatment of coronary heart disease. In angiography, cardiologists use live, high-quality acquired image sequences of the coronary arteries for diagnosis during percutaneous coronary interventional (PCI) procedures. If an arterial narrowing restricts blood flow, the patient is treated via image-guided angioplasty in which interventional devices such as guide wires, balloons, and stents are manipulated using lower quality x-ray imaging known as fluoroscopy. The quality of the images must be sufficient to enable safe and effective diagnosis and treatment. However, image quality is related to the amount of radiation used to capture the image, 1 and radiation dose must be kept "as low as reasonably practicable (ALARP)."
Exposure to x-rays can be harmful, and radiation doses from interventional cardiac procedures are the highest of any routine medical procedure. 2 Deterministic effects occur from radiation doses exceeding a threshold; these include skin burns and hair loss among patients (threshold absorbed dose of 2 Gy) [3] [4] [5] [6] and cataracts to the eye lens of interventional cardiologists (occupational threshold dose of 20 mSv∕year). [7] [8] [9] Stochastic effects, with no specific threshold dose, 10 result from damaged DNA, causing long-term genetic defects and cancers; this is generally more of a concern for pediatric than adult patients. 11 In 2014, over 96,000 interventional cardiac procedures were performed at 118 centers in the UK; by contrast, in 2002 there were 50,000 procedures at 62 centeres, 12 illustrating the rise in the number of these procedures and associated rising risk. Given the increasingly ageing population, these numbers will likely continue to increase. As equipment continues to advance, longer, more complicated cases are undertaken.
Digital image processing plays an increasingly significant role in diagnostic radiology, enhancing displayed images using algorithms to reduce the visual impression of noise and enhance anatomic structures that are clinically relevant. Here the image quality is improved irrespective of the radiation dose, i.e., there is no corresponding increase in radiation dose, which is usually inherent in improved x-ray image quality. As a result, image enhancement may lead to a reduction in the amount of dose required to produce a clinically acceptable image. As computing power increases, faster, more complex enhancement algorithms are being used. This is particularly beneficial for cardiac interventional x-ray imaging, where real-time images are required. Each manufacturer has its own unique algorithms that adapt to image content in real-time, with clinical taskspecific enhancement. Philips Healthcare's most recent interventional x-ray system, AlluraClarity (Philips Healthcare, The Netherlands) has ClarityIQ image enhancement with real-time image noise reduction algorithms that, in combination with anatomy-specific x-ray optimization, promise to reduce patient dose. 13 With this option, both the radiographic settings used to capture images and the computer processing applied to the images are different from the current generation interventional x-ray system by the manufacturer. Studies have shown a patient dose reduction from this system upgrade in neuroradiology 14, 15 and other digital subtraction angiography (DSA) applications, 16 cardiac interventional, [17] [18] [19] [20] and electrophysiology (EP) procedures. 21 However, a statistically robust investigation of corresponding changes in clinical image quality for PCI patients, using a range of projection angles, has yet to be published; such a comprehensive assessment of both radiation dose and image quality is crucial for establishing a thorough understanding of a new x-ray system and its impact on clinical practice. An AlluraClarity (hereafter Clarity) system was installed in Yorkshire Heart Centre, where six cardiac catheter labs are in clinical operation. PCI procedures, specifically, were chosen for this study because their procedural radiation doses are among the highest. [22] [23] [24] This study's primary aims were to investigate if the Clarity system significantly reduces radiation dose to PCI patients and to determine the corresponding impact on patient image quality, compared to the current generation system. Secondary aims were to assess the dose reduction in fluoroscopy and acquisition modes separately and to determine if there was a significant difference in procedural duration between the two x-ray systems.
Materials and Methods
The study comprised two components: an analysis of radiation dose and an assessment of clinical image quality. Both components were completed in two phases: a pilot experiment to provide data for power calculations and then the main investigation. Two of the six cardiac catheter labs in the center were included in the study-the newly installed Clarity FD10 lab and an Allura Xper FD10 lab (Philips Healthcare, The Netherlands), which was already in use, primarily for PCI procedures, as the reference lab for comparison.
This observational study collected patient doses from hospital IT system records, and images were collected from the picture archive and communications system (PACS). Practitioners were not aware of the study and so performed the intervention as per typical practice. Both labs were generally fully booked for clinical use. All data were anonymized by removing personally identifiable information.
The imaging modes (fluoroscopy and "cine" acquisition) used during PCI procedures in the two labs had the manufacturer's default settings; i.e., no adjustments had been made since installation to tailor the settings to the needs of this particular hospital. Due to the proprietary nature of the commercial image processing algorithm, details on how it operates can only be found in manufacturer-provided documentation. 25 
Radiation Dose
For the pilot study, 555 PCI patient cases were collected from the reference lab to use for a sample size calculation. For the main study, patient procedure dose details were recorded for 131 PCI patients from the study lab and 131 patients from the reference lab. Details recorded were dose area product (DAP) for fluoroscopy and acquisition, total procedure DAP, and total fluoroscopy duration.
Image Quality
Image sequences from randomly selected PCI patient procedures from the study and reference labs were collected, and DICOM headers were extracted for relevant metadata. Fifteen angiograms from each lab were selected from this database to include left and right coronary arteries captured at a range of projection angles. Only one angiogram was chosen from any given patient. All angiograms were acquired at 15 frames per second. A broad range of patient body habitus were represented for each group; body mass indices (BMI) of the patients ranged from 26 to 34 kg m −2 for the study lab and 22 to 44 kg m −2 for the reference lab, with means 31 and 30 kg m −2 , respectively, and no significant difference (p ¼ 0.8) between groups. Patient condition, or case complexity, was also varied within each group; the number of stents in the angiograms ranged from zero to three for the study lab and zero to two for the reference lab, with means 0.6 and 0.7, respectively, and no significant difference (p ¼ 0.6). These datasets were compared using a Wilcoxon test. The two groups of angiograms were independently scored on a continuous scale in a blind observer study. The observers were familiarized with the scoring software prior to beginning the image quality assessment. The two end points were "unsatisfactory" (0) and "exceeds requirements" (1) with the midpoint "acceptable" (0.5), as shown in Fig. 1 . Observers were asked to focus on overall level of diagnostic image quality, completing the sentence "To determine the presence and severity of stenotic lesions, the image quality is. . . " All angiograms were 512 by 512 pixels at 8 bit depth, displayed at 15 frames∕ sec using MATLAB 2013b (The Mathworks Inc, Natick). Bespoke software with a graphical user interface (GUI) was designed in MATLAB ® specifically to execute this observer study. The angiograms were shown to observers in a random order, which differed for each observer; they looped continuously until the observer clicked anywhere on the continuous scale, then the next angiogram was shown. Ratings for each angiogram were automatically translated into quantitative scores between zero and one for statistical analysis.
A pilot study was performed to power the observer study. Three medical imaging experts with 10, 22, and 27 years' experience viewed the angiograms on a RadiForce RX340 medical grade monitor (EIZO Corporation, Ishikawa, Japan) ∼70 cm away, in a room with slightly dimmed lighting (as a radiology reporting room). The observer study was approved by the University of Leeds Research Ethics Committee. Observer recruitment took place in Leeds and Nottingham NHS Trust Hospitals and the British Cardiovascular Society annual cardiology meeting exhibition hall. Volunteer observers were blinded to the purpose of the study; they were provided with a participant information sheet and signed a participant consent form; the forms were not linked to results; hence the data were anonymous. The information listed below was collected from each observer. Images were scored using an Eonis MDRC-2224 BL clinical display unit (Barco, Brussels, Belgium); Leeds participants used a Radiforce RX340 monitor. Both monitors were DICOM-calibrated.
• Clinical profession (choice of nine categories);
• Number of years of experience (free text);
• Whether they view cardiac images in their daily work (yes/no).
Statistical Analysis
Patient procedure DAPs from the pilot dose data were used to calculate the sample size required to test for a 30% difference in
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A sample size calculation was performed using the image quality pilot study results to determine how many observations would be required for a 30% difference in image quality scores, with 80% power at a 5% significance level. The image quality statistical analysis was conducted in R 3.2.1 (R Foundation for Statistical Computing, Vienna, Austria) with the continuous image quality scores analyzed using a two sample t-test and a boxplot. Since the same observers viewed both sets of 15 images, the observer characteristics were not a variable when comparing the two labs, allowing these tests to be conducted. Multilevel models were used to investigate the effects of observer characteristics and observer study setup on scores, using the lme4 package in R. The outcome of interest was the continuous image quality score, with independent predictors including which x-ray system was used, the clinical profession and number of years' experience of the observers, and whether they view cardiac images in their daily work. Background lighting, indicated by location of the observer experiment, and the clinical monitor used were individually added to the model as fixed effects. The observer ID was added as a random effect, since observers each scored 30 images and it is expected that observers will score similarly to themselves, yet differently to others.
Results

Radiation Dose
Sample size calculations showed that a minimum of 100 patients from each of two labs were required for comparison of dose. Boxplots are shown in Figs. 2 and 3 for DAP and fluoroscopy duration, respectively, for the 131 cases-more than the 100 required. Median total patient procedure doses were 2292 and 6338 cGy cm 2 from the study and reference labs, respectively, showing the study lab to be 64% lower. Median acquisition DAPs were 827 and 3460 cGy cm 2 from the study and reference labs, respectively, showing a 76% reduction. Fluoroscopy median DAPs were 1354 and 2774 cGy cm 2 from the study and reference labs, respectively, showing a 51% reduction. The Wilcoxon test showed strong statistically significant differences in medians for both fluoroscopy and acquisition patient doses at the 5% significance level (p ≪ 10 −10 in both cases). Median fluoroscopy durations were 12:29 (min:sec) and 11:09 for the study and reference labs, respectively, showing no statistically significant difference (p ¼ 0.2) between the two labs.
Image Quality
The sample size calculation showed that 61 observers would be required in the main image quality study; 75 observers (60 at the conference and 15 in hospital viewing rooms) participated, hence more than the 61 required. Observer professions are shown in Table 1 , with 50 observers classed as specialists, categorized by their knowledge of, or experience with, the heart and/or angiography. Fifty-four observers viewed cardiac images in their daily work. The average number of years of experience was nine, ranging from 0 to 37 years. Associated with the large dose reduction, there was a small reduction in image quality, with median scores of 0.51 and 0.56 (Fig. 4) from the study and reference labs, respectively, showing a difference of 9% (p ¼ 9.9 × 10 −6 ). The image quality scores covered the entire scale, ranging from 0 to 1 for both labs. A larger proportion of low image quality scores were assigned to the reference lab than to the study lab, and more high scores were assigned to the study lab than the reference lab, with the transition in the middle of the continuous scale. For the 0.4 to 0.5 range of scores, there were more assigned to the reference lab, and for the 0.5 to 0.6 range of scores, there were more assigned to the study lab. For the reference and study labs, respectively, 13% and 10% of scores were between 0.2 and 0.4, with 24% and 29% between 0.6 and 0.8. There were 11% and 13% of the reference and study lab scores, respectively, assigned to the very high quality scores ranging 0.8 to 1.0.
Multilevel modeling using the lme4 package in R showed that observers who view cardiac images in their daily work, who were classed as a specialist, or who had more years' experience did not impact the image quality scores, nor did the observer study location (background lighting) or the clinical monitor used.
Discussion
When optimizing an x-ray imaging system, it is important that a robust assessment of clinical image quality and radiation dose is made. Both aspects were covered by appropriately powered experiments in this case. The image quality study involved 75 observers from a large number of institutions, 29 of which would be expected to be involved in decision making in clinical care based on imaging. Subsequent analysis of the scores revealed that the remaining observers, from related disciplines, did not score differently from this core group; this has been found previously for observers from related disciplines using a differing observer study design. 26 Different coronary vessels, patient body habitus and condition, and image (C-arm) projection angles were included in the 15 angiograms from each x-ray system; no significant difference was found between the patient body habitus or condition of the two sets of angiograms; therefore, neither factor would have created bias toward one set over the other.
These results have important implications for PCI patients and personnel because changes in x-ray settings that allow for lower reported DAPs will also allow for lower radiation exposures to patients, the interventional cardiologists performing the procedures, and other personnel near the x-ray beam. 27 These exposures refer to both entrance surface and absorbed dose, which may cause deterministic and stochastic effects, respectively (see Sec. 1). Since this was a retrospective study, DAP-the standard dose metric used for reporting and dose audits-was the only dose metric available. Until recently, concern for long-term damaging effects of radiation from PCI has typically been directed at patients only; 28, 29 however, more focus has been directed to personnel with groups such as the Organization for Occupational Radiation Safety in Interventional Fluoroscopy. Cardiologists may begin clinical practice as young as their early 30s, 30 increasing the risk of radiation-induced cancer during their lifetime. Women are at slightly higher risk of stochastic effects than men, 10 and the number of female cardiologists is rising. 30 In 2016, in an effort to address the rising concern for exposure to interventional cardiologists, the British Institute of Radiology introduced an online resource for cardiologists to learn about ionizing radiation, 31 as radiologists are expected to do during their training.
While there are standard protocols for image quality assessment in routine quality assurance tests, these tests do not assess clinical image quality. Any observer experiment that attempts to do so contains a number of compromises in design; the experimental design depends on the clinical context and practicalities of the study, and there is considerable variety in the approaches taken in such experiments. [32] [33] [34] [35] This study utilized a large number of observers; the number of angiograms reviewed per observer was comparatively small to assure the time for observers to complete the study was not too onerous, therefore increasing observer participation rates. The number of angiograms assessed was small enough to achieve this yet sufficient to provide a representative sample from each lab. The broad range and number of observers reduced the chances of a number of potential observer biases; recruiting observers predominantly from one hospital, for example, where one of the x-ray systems was in use but not the other, may have led to a greater preference for that x-ray system due to familiarity.
Reference images were not provided for the observers to allow the observers to use the grading scale as they saw fit. While it would have been possible to provide very good or very poor angiograms for reference, this would have added little value, as observers would surely recognize such images. Providing a reference "acceptable" image could have effectively altered observers' scores by changing their opinion of acceptability and potentially influencing the results and thus conclusions. Before starting each observer study, the observer was made familiar with the scoring software; observers assessed a small number of sequences from the study (randomly selected, as in the real study) until they were comfortable with the scoring task. These scores were discarded, allowing the observers to settle into a consistent scoring method before beginning the observer study.
The scoring task presented to the observers in the image quality assessment (see Fig. 1 ) was focused on the most important aspect of the angiogram-was it good enough for use? In terms of overall image quality, an angiogram may not be good enough for use because it is too noisy, blurred, or lacks contrast, for example, and it would have been possible to ask a wider range of questions about individual image quality characteristics. The issue here is the interrelation between such characteristics; for example, a noisy image may be acceptable if it contains high contrast presentation of the arteries and unacceptable if the contrast is lower. A greater number of scoring tasks may have been of interest to investigate why observers felt a given angiogram was of better or worse overall quality; however, this would have taken additional time for the observers. Moreover, it was not the primary concern of this study, i.e., it would not have answered the research question. Finally, the single scoring task presented was selected because it reflects the clinical task performed in the given PCI setting. Care must be taken when generalizing the findings of this study, however, as the results may not reflect a different clinical task (for instance EP procedures where fluoroscopy quality is paramount), nor may they represent the full range of PCI-related purposes (for instance, assessing stent deployment or arterial wall dissection).
Most, but not all, of the image quality scores for both systems were just above the midpoint, which indicated diagnostic acceptability, yet all of the angiograms were used during a patient procedure. This may be explained by the observers being presented only one angiogram from a case, therefore not having the additional imaging or contextual information and not being aware of the patient case background. 36 Past studies have been published comparing Philips' Clarity with Xper systems (the two compared in this study), investigating vascular DSA and cardiac interventional imaging applications. For patient dose comparisons, although study methodologies vary, results are in general agreement, reporting a 50% to 75% reduction in dose. [14] [15] [16] [17] [18] [19] 21 A similar Toshiba upgrade (PureBrain, Toshiba Medical Systems Corporation, Shimoishigami, Japan) was evaluated for pediatric cardiac interventional patients, reporting a 50% dose reduction. 37 Robust comparisons of image quality in coronary interventional imaging are not so common. Some of the dose comparison studies did not perform any comparison of image quality 18 or used an inappropriate surrogate measure (e.g., duration of imaging). 21 When image quality was compared, the number of observers was often limited and from a single institution. Ten Cate et al. 19 used a paired comparison of images obtained in a single projection and reported an 85% preference for the Clarity system. The study contained 234 observations with only six observers, compared to 2250 in this study, with no mention of a power calculation upon which to base the sample size. Moreover, the statistical analysis did not take into account correlations in the observations (e.g., repeated images). Eloot et al. 17 reported no change in resolution, contrast, or overall image quality and a reduction in noise levels on the Clarity system. Once more, the number of observers was limited (four), all from the same institution. The statistical analysis used was inappropriate for the analysis of ordinal data (assigning a numeric value to categories and taking the mean) and did not take account of correlations in the observations; 38 again, no power calculation was reported. 17 There were some limitations to this study. Fluoroscopy duration was compared to assure any changes in dose were from the difference in interventional labs, not from a difference in x-ray duration (for example, due to a difference in case complexity between the two groups). However, the number of acquisition image frames was not included in this analysis because it was not accurately recorded; in the hospital database, it was impossible to differentiate an acquisition sequence from a fluoroscopy loop that was saved as per good radiological practice. Some of the image quality assessments took place in the exhibition hall of a conference, and therefore the ambient lighting was not dimmed as it would be in a radiology reporting room. However, dimmed lighting is not used in the local cardiac catheter labs, as reported elsewhere. 39 Moreover, for each observer, both sets of angiograms were viewed under the same lighting conditions, and therefore lighting was not a variable between the two sets of angiograms. Image quality scores were not significantly different between the differing observer study surroundings, i.e., both background lighting and the clinical monitor used. This comparison of radiation dose and image quality showed that the new Philips Clarity interventional x-ray imaging system enabled substantial reductions in patient dose with a small reduction in image quality compared to the current generation Xper interventional x-ray system. The reduction in acquisition dose was more substantial than the reduction in fluoroscopy dose. The Clarity system has two key differences in acquisition settings compared to the Xper system. The first is the change in x-ray settings-increased spectral x-ray beam filtration and decreased peak tube voltage and reduced image detector dose request. The second is the state-of-the-art digital image enhancement algorithm, which includes improved spatial and temporal filtering for noise reduction.
14 It would be interesting to study the effect of these two changes on image quality independently, investigating to what extent the loss in image quality due to the reduced dose can be recovered by the computer image enhancement. This would provide further insight on the results from this study, to understand which change to the x-ray system is most responsible for the large reduction in dose and small reduction in image quality.
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